1. Introduction {#s0005}
===============

Preterm birth is a leading cause of perinatal mortality and morbidity, and creates significant personal, social and healthcare costs. Around 15 million infants are born preterm each year, and this incidence is increasing ([@bb0370]). While survival rates following preterm birth have improved, the incidence of severe neurodevelopmental deficits remains unchanged ([@bb0230]). The developing white matter is particularly susceptible to injury ([@bb0360]). Diffusion weighted magnetic resonance imaging (dMRI) allows detailed assessment of white matter injury in the neonatal period and has identified altered white matter development following preterm birth. Compared to their term-born peers, preterm infants display significantly lower fractional anisotropy (FA) throughout the white matter on dMRI ([@bb0030], [@bb0135], [@bb0170], [@bb0255]). These diffusion changes are part of more global differences in brain development following premature delivery ([@bb0010], [@bb0050], [@bb0055], [@bb0085], [@bb0150], [@bb0195]) which relate to neurodevelopmental performance ([@bb0065], [@bb0140], [@bb0345], [@bb0325], [@bb0155], [@bb0165]).

Animal models provide evidence that preterm white matter injury may be related to more than one risk factor ([@bb0005], [@bb0105], [@bb0245], [@bb0350]). These findings have led to the multiple hit hypothesis of preterm brain injury, where antenatal factors may sensitize brain tissue, rendering it vulnerable to injury from secondary events in the early postnatal period ([@bb0350]).

This hypothesis is supported in part by neuroimaging studies in human preterm infants which have shown that preterm white matter injury is related to multiple factors including low gestational age (GA), respiratory disease, male sex, poor nutrition, infection, chorioamnionitis, pain, stress and illness severity ([@bb0045], [@bb0140], [@bb0200], [@bb0260], [@bb0320], [@bb0025], [@bb0300], [@bb0115], [@bb0100], [@bb0395], [@bb0080]). However, these factors all have high degrees of co-linearity, and it is not clear if they represent a single latent variable which can be largely captured by inclusion of any one in an analysis, or whether each carries a separate risk which is additive to other risk factors. This study aimed to address this issue by testing the hypothesis that increased exposure to perinatal risk factors was associated with lower FA and higher radial, axial and mean diffusivity (RD, AD, MD) in white matter. We also tested the hypothesis that lower FA and higher RD, AD and MD in white matter at term equivalent age were associated with poorer neurodevelopmental performance in early childhood.

2. Methods {#s0010}
==========

The National Research Ethics Service and the Hammersmith, Queen Charlotte\'s and Chelsea Hospital Research Ethics Committees granted ethical permission for MRI (09/H0707/98, 04/Q0406/125, 06/Q0406/14 07/H070/101). Written parental consent was obtained prior to imaging.

2.1. Subjects {#s0015}
-------------

We studied the imaging and clinical data from 614 preterm infants, recruited as part of the Evaluation of Preterm Imaging Study (ePrime) (NCT01049594) study from hospitals within North and South West London Perinatal Network, and from on-going imaging studies within the Neonatal Intensive Care Unit at Queen Charlotte\'s and Hammersmith Hospitals from June 2006 to November 2012. Infants born at \< 34 weeks GA and scanned at term equivalent age (between 38 and 45 weeks postmenstrual age, PMA) without major congenital malformation or metal implants were eligible for inclusion in the study.

Infants with major focal lesions such as periventricular leukomalacia, hemorrhagic parenchymal infarction and other ischemic or hemorrhagic lesions (*n* = 75) were excluded from analysis (Table S1). 48 subjects were excluded due to motion corrupt dMRI (\> 8 dMRI volumes). The final study population consisted of 491 preterm infants (256 males) who were born at a median GA of 30^+ 1^ (range 23^+ 2^--33^+ 5^) weeks and PMA at scan of 42^+ 1^ (range 38--45) weeks. The perinatal characteristics of these infants are presented in [Table 1](#t0005){ref-type="table"}.Table 1Demographic, clinical characteristics and neurodevelopmental outcome of infants.Table 1Perinatal characteristicAvailable for analysis\
(n)GA at birth, median (range) in weeks49130^+ 1^ (23^+ 2^--33^+ 5^)PMA at scan, median (range) in weeks49142^+ 1^ (38^+ 0^--45^+ 0^)Birth weight, median (range) in grams4901260 (350--2600)Males, no (%)491256 (52.1)Birth set, singletons/twins, no (%)491347(70.7)/144 (29.3)Days on mechanical ventilation, median (range) in days4670 (0--40)Days on parenteral nutrition,\
median (range) in days3866 (0--89)Chorioamnionitis, no (%)46133 (7.2)Fetal growth restriction, no (%)46380 (17.3)Necrotizing enterocolitis requiring surgery, no (%)4717 (1.5)Patent ductus arteriosus requiring medical or surgical management, no (%)46822 (4.7)Index of multiple deprivation, mean (range)34818.5 (1.7--61.3)  Neurodevelopmental assessmentCognitive score mean (sd)\
 Cognitive score \< 85\
 Cognitive score \< 70381\
62 (16.3%)\
9 (2.4%)94 (13)Motor score mean (sd)\
 Motor score \< 85\
 Motor score \< 70380\
32 (8.4%)\
6 (1.6%)97 (11)Language score mean (sd)\
 Language score \< 85\
 Language score \< 70380\
117 (30.8%)\
37 (9.7%)92 (17)[^1]

2.2. Demographic and clinical data collection {#s0020}
---------------------------------------------

Demographic and clinical data were collected from the Standardized Electronic Neonatal Database (SEND). Variables of interest included GA at birth, PMA at scan, gender, days spent on invasive ventilation via an endotracheal tube (up to the date of MRI), days of parenteral nutrition (up to the date of MRI), the presence of chorioamnionitis (determined by the obstetric team, rather than a histological diagnosis), the presence of fetal growth restriction (diagnosed by the obstetric team at the hospital where antenatal care was provided), necrotizing enterocolitis requiring surgical intervention, the presence of a patent ductus arteriosus requiring medical or surgical treatment, and Index of Multiple Deprivation (IMD) score (a marker of socio-economic status based on seven domains of deprivation; Income Deprivation, Employment Deprivation, Education, Skills and Training Deprivation, Health Deprivation and Disability, Crime, Barriers to Housing and Services and Living Environment Deprivation), determined by the postcode of the parent at the time of infant birth (<http://imd-by-postcode.opendatacommunities.org>).

2.3. MR imaging {#s0025}
---------------

3D MPRAGE (Magnetization Prepared Rapid Acquisition Gradient Echo, TR 17 ms; TE 4.6 ms; flip angle 13°; slice thickness 0.8 mm; in plane resolution 0.82 × 0.82 mm), T2-weighted turbo spin echo (TR 8670 ms; TE 160 ms; flip angle 90°; slice thickness 2 mm; in plane resolution 0.86 × 0.86 mm) and single shot echo planar dMRI (TR 7536 ms; TE 49 ms; flip angle 90°; slice thickness 2 mm; in plane resolution 2 × 2 mm, 32 non-collinear gradient directions, *b* value of 750 s/mm^2^) were acquired on a Philips 3 Tesla (Philips Medical Systems, Best, The Netherlands) system sited on the neonatal intensive care unit using an eight-channel phased array head coil.

All examinations were supervised by a pediatrician experienced in MR imaging. Parents were offered sedation for their child, oral chloral hydrate (25--50 mg/kg), prior to scanning and 398 infants (81%) were sedated for imaging. Pulse oximetry, temperature and electrocardiography were monitored throughout the scan and ear protection was used, comprising earplugs molded from a silicone-based putty (President Putty, Coltene Whaledent, Mahwah, NJ, USA) placed in the external auditory meatus and neonatal earmuffs (MiniMuffs, Natus Medical Inc., San Carlos, CA, USA).

2.4. Image processing {#s0030}
---------------------

dMRI images were assessed visually for the presence of motion artifact and if ≤ 8 volumes were corrupt, these volumes were removed. If \> 8 dMRI volumes showed motion artifact, they were excluded from analysis. 143/491 datasets had at least one volume removed (median 1, range 0--8). Image processing and data analysis were performed using FMRIB\'s Diffusion Toolbox (v3.0), DTI-ToolKit (v2.3.1 [www.dti-tk.sourceforge.net](http://www.dti-tk.sourceforge.net){#ir0010}) (DTI-TK) ([@bb0390]) and tract based spatial statistics (TBSS) (v1.2 <http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/UserGuide>) ([@bb0295]) as implemented in FMRIB\'s Software Library (FSL v5.0; [www.fmrib.ox.ac.uk/fsl](http://www.fmrib.ox.ac.uk/fsl){#ir0020}). For each infant the diffusion weighted images were registered to their native b0 image and corrected for differences in spatial distortion using eddy correct. Non-brain tissue was removed with FSL\'s Brain Extraction Tool (BET v2.1 <http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET>).

Diffusion tensors were calculated on a per voxel basis, using a simple least squares fit of the tensor model to the diffusion data. From this the tensor eigenvalues describing the diffusion strength in the primary, secondary and tertiary diffusion directions were obtained. Axial diffusivity (AD), radial diffusivity (RD), mean diffusivity (MD) and FA maps were calculated for each subject.

Image registration was performed using DTI-TK and integrated within the TBSS pipeline to produce a population specific DTI template. From this template a mean FA map was derived and then thinned by perpendicular non-maximum suppression to create a mean FA skeleton. A FA threshold of ≥ 0.15 was used to limit the inclusion of voxels with high inter-subject variability and non-white matter voxels. FA, AD, RD and MD were projected onto this skeleton prior to statistical analysis.

2.5. Neurodevelopmental outcomes {#s0035}
--------------------------------

Of 491 subjects who had suitable dMRI data 381 (77.6%) returned for neurodevelopmental assessment at a median of 20.23 months corrected age ([Table 1](#t0005){ref-type="table"}). Neurodevelopmental performance was assessed using the Bayley Scales of Infant and Toddler Development, Third Edition (BSITD-III; [@bb0070]) and cognitive, language and motor composite scores were obtained. One child failed to complete the motor component and another child failed to complete the language component of the test.

2.6. Statistical analysis {#s0040}
-------------------------

### 2.6.1. Relationship between dMRI measures and individual perinatal risk factors {#s0045}

In order to investigate the relationship between dMRI metrics in white matter at term equivalent age and clinical risk factors, cross-subject voxelwise statistical analysis was performed using Randomise in FSL (v2.9) (<http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise>). A general linear model (GLM) was used to assess the relationship between dMRI metrics and GA at birth, PMA at scan and gender were included as covariates in the model. Differences between male and female infants were assessed using a GLM, with GA at birth and PMA at scan as co-variates. GA at birth, PMA at scan and gender were included as covariates in all subsequent analyses of perinatal risk factors; number of days requiring mechanical ventilation, number of days requiring parenteral nutrition, chorioamnionitis, fetal growth restriction, necrotizing enterocolitis requiring surgery, patent ductus arteriosus requiring medical or surgical treatment (primary outcome measure: FA; secondary outcome measures; AD, MD and RD; predictors: perinatal risk factors, PMA at scan).

### 2.6.2. Multivariate analysis of the relationship between dMRI measures and perinatal risk factors {#s0050}

We used a multivariable model, which included those perinatal risk factors that demonstrated a significant relationship with dMRI measures on analysis of individual risk factors. We included fetal growth restriction, necrotizing enterocolitis requiring surgery, days requiring invasive ventilatory support and days requiring parenteral nutrition, with GA at birth, PMA at scan and gender included as covariates in the model.

### 2.6.3. Relationship between dMRI measures and cumulative perinatal risk factor score {#s0055}

In order to assess the relationship between exposure to multiple clinical risk factors and white matter injury we formulated a score of cumulative risk factors for each infant. A binary scoring system was devised as follows; fetal growth restriction or necrotizing enterocolitis requiring surgery were scored as 1, invasive ventilatory support ≥ 7 days was scored as 1, and parenteral nutrition ≥ 5 days was scored as 1. These scores were added together to give a minimum possible score of 0 and maximum possible score of 4, and GLM analysis performed in TBSS with GA at birth, PMA at scan and gender as covariates in the model.

### 2.6.4. Relationship between dMRI measures at term equivalent age and subsequent neurodevelopmental performance {#s0060}

A GLM was used to assess the relationship between dMRI metrics in white matter at term equivalent age and cognitive, motor and language performance at 2 years, with GA at birth, PMA at scan, gender and IMD score included as co-variates (outcome: FA, AD, MD and RD measures; predictors: cognitive, motor and language performance, GA at birth, PMA at scan, gender and IMD score). All statistical analyses were subject to family-wise error (FWE) correction for multiple comparisons following threshold-free cluster enhancement (TFCE) and p \< 0.05 was considered significant.

3. Results {#s0065}
==========

3.1. Demographic data {#s0070}
---------------------

The perinatal clinical characteristics of the infants are shown in [Table 1](#t0005){ref-type="table"}.

3.2. Relationship between dMRI measures in white matter and perinatal risk factors {#s0075}
----------------------------------------------------------------------------------

### 3.2.1. Gestational age at birth {#s0080}

FA values were positively correlated with GA at birth throughout the white matter ([Fig. 1](#f0005){ref-type="fig"}a and [Fig. s1](#f0045){ref-type="graphic"}). AD was negatively correlated with GA at birth in the anterior limb of the internal capsule (ALIC) bilaterally, posterior limb of the internal capsule (PLIC) bilaterally, corpus callosum, bilateral fornix, optic radiation and inferior longitudinal fasciculus/inferior fronto-occipital fasciculus (ILF/IFOF) ([Fig. 1](#f0005){ref-type="fig"}b) and positively correlated in the centrum semi-ovale (not shown). MD was negatively correlated with GA at birth in the corpus callosum, bilateral fornix, external capsule, ALIC, PLIC, optic radiation, ILF/IFOF bilaterally and the right crus cerebri ([Fig. 1](#f0005){ref-type="fig"}c). RD was negatively correlated with GA at birth in the left frontal white matter, bilateral cingulum, corpus callosum, external capsule, ALIC, PLIC, optic radiation, ILF/IFOF and the crus cerebri bilaterally ([Fig. 1](#f0005){ref-type="fig"}d).

### 3.2.2. Sex {#s0085}

FA values were higher in only a very few voxels in the right PLIC and the right crus cerebri in male infants ([Fig. 2](#f0010){ref-type="fig"}a). AD was higher in male infants in the right superior longitudinal fasciculus (SLF), centrum semiovale bilaterally, right ALIC, bilateral PLIC, right optic radiation and right crus cerebri ([Fig. 2](#f0010){ref-type="fig"}b). MD values were higher in the male infants in the centrum semiovale bilaterally, left frontal white matter, SLF, ALIC, PLIC, and optic radiation bilaterally ([Fig. 2](#f0010){ref-type="fig"}c). RD was higher in the male infants in the right PLIC and the centrum semiovale, SLF, ALIC and optic radiation bilaterally ([Fig. 2](#f0010){ref-type="fig"}d).Fig. 1Correlation between gestational age at birth and dMRI measures in white matter. Mean FA skeleton (red) overlaid on mean FA map in the axial plane. Voxels showing a significant correlation (p \< 0.05) between GA at birth and a. FA, b. AD c. MD, and d. RD are shown in blue-light blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1Fig. 2Difference in white matter dMRI measures between male and female infants. Mean FA skeleton (red) overlaid on mean FA map in the axial plane. Voxels showing significantly greater (p \< 0.05) a. FA, b. AD c. MD, and d. RD in male infants compared to female infants are shown in blue-light blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2

### 3.2.3. Chorioamnionitis {#s0090}

There were no significant differences in dMRI measures between those infants who had a clinical diagnosis of chorioamnionitis and those who did not.

### 3.2.4. Fetal growth restriction {#s0095}

FA values were significantly lower in infants with fetal growth restriction in the corpus callosum, right cingulum and SLF, external capsule, ALIC, PLIC, fornix, optic radiation, ILF/IFOF, crus cerebri and cerebellar peduncles bilaterally ([Fig. 3](#f0015){ref-type="fig"}). No significant differences between infants with fetal growth restriction and appropriately grown infants were observed in AD, MD or RD values.Fig. 3Lower FA values in the white matter in infants with fetal growth restriction. Mean FA skeleton (red) overlaid on mean FA map in axial plane. Voxels showing significant lower (p \< 0.05) FA values in the white matter in infants with fetal growth restriction are shown in blue-light blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3

### 3.2.5. Days on mechanical ventilation {#s0100}

FA values throughout the white matter were negatively correlated with the number of days on mechanical ventilation ([Fig. 4](#f0020){ref-type="fig"}a and [Fig. s2](#f0050){ref-type="graphic"}). AD values were negatively correlated with the number of days on mechanical ventilation in the left ALIC, left PLIC, left external capsule, left crus cerebri and in the left anterior ILF ([Fig. 4](#f0020){ref-type="fig"}b). RD values were positively correlated with the number of days on mechanical ventilation in the corpus callosum ([Fig. 4](#f0020){ref-type="fig"}c). There were no significant correlations between the number of days on mechanical ventilation and MD values.

### 3.2.6. Days on parenteral nutrition {#s0105}

With the exception of the left centrum semiovale and the left external capsule, which showed no correlations with days on parenteral nutrition, FA values throughout the white matter were significantly negatively correlated with the number of days an infant received parenteral nutrition ([Fig. 5](#f0025){ref-type="fig"} and [Fig. s3](#f0055){ref-type="graphic"}). No significant correlations between days receiving parenteral nutrition and AD, MD or RD were identified.

### 3.2.7. Necrotizing enterocolitis {#s0110}

FA values throughout the white matter were significantly lower in those infants who had undergone surgical treatment for necrotizing enterocolitis ([Fig. 6](#f0030){ref-type="fig"}a). RD values were higher in a small number of voxels within the centrum semiovale bilaterally, right SLF, a small region of the right ALIC and the right ILF/IFOF ([Fig. 6](#f0030){ref-type="fig"}b). There were no differences in MD and AD values between those infants who had undergone surgery for necrotizing enterocolitis and those who had not.Fig. 4Correlation between days requiring invasive ventilation and dMRI measures in white matter. Mean FA skeleton (red) overlaid on mean FA map in axial plane. Voxels showing a significant correlation (p \< 0.05) between days of ventilation and a. FA, b. AD, and c. RD are shown in blue-light blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 4Fig. 5Correlation between days requiring parenteral nutrition and dMRI measures in white matter. Mean FA skeleton (red) overlaid on mean FA map in the axial plane. Voxels showing a significant correlation (p \< 0.05) between FA and days of parenteral nutrition with are shown in blue-light blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 5Fig. 6Difference between dMRI measures in the white matter in infants who had or had not undergone surgery for necrotising enterocolitis. Mean FA skeleton (red) overlaid on mean FA map in axial plane. Voxels showing a significant difference (p \< 0.05) between infants with and without necrotising enterocolitis in a. FA and b. RD are shown in blue-light blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 6

### 3.2.8. Patent ductus arteriosus {#s0115}

There were no significant differences in dMRI measures between those infants who had undergone treatment for patent ductus arteriosus and those who had not.

3.3. Multivariate analysis assessing the relationship between dMRI measures and clinical risk factors {#s0120}
-----------------------------------------------------------------------------------------------------

Clinical data for all risk factors were available for 381 infants, allowing multivariate analysis of all risk factors simultaneously. There were no significant differences in GA at birth, PMA at scan, gender distribution or the proportion of infants who were singletons/multiple births between the 381 infants included in the multivariate analysis and the 110 infants who were not included (Table S2). Multivariate analysis of the relationship between dMRI measures and risk factors (fetal growth restriction, necrotizing enterocolitis requiring surgery, days requiring invasive ventilatory support and days requiring parenteral nutrition) demonstrated that the extent of the relationship between risk factor and dMRI measures was diminished compared to assessing each risk factor individually. However, significant relationships between fetal growth restriction, days requiring invasive ventilatory support and days requiring parenteral nutrition and FA values remained.

### 3.3.1. Fetal growth restriction {#s0125}

Multivariate analysis showed that FA values in the corpus callosum, ALIC, PLIC, external capsule crus cerebri and cerebellar peduncles were significantly lower in infants with fetal growth restriction than appropriately grown infants ([Fig. s4](#f0060){ref-type="graphic"}). No significant differences between infants with fetal growth restriction and appropriately grown infants were observed in AD, MD or RD values.

### 3.3.2. Days on mechanical ventilation {#s0130}

FA values in the corpus callosum, cingulum and optic radiation were negatively correlated with the number of days on mechanical ventilation ([Fig. s5](#f0065){ref-type="graphic"}). There were no significant correlations between the number of days on mechanical ventilation and AD, MD or RD values.

### 3.3.3. Days on parenteral nutrition {#s0135}

FA values in the corpus callosum, cingulum, right SLF, PLIC, left ALIC, optic radiation, crus cerebri and cerebellar peduncles were significantly negatively correlated with the number of days an infant received parenteral nutrition ([Fig. s6](#f0070){ref-type="graphic"}). No significant correlations between days receiving parenteral nutrition and AD, MD or RD were identified.

### 3.3.4. Necrotizing enterocolitis {#s0140}

There were no differences in FA, AD, MD or RD values between those infants who had undergone surgery for necrotizing enterocolitis (*n* = 7) and those who had not when assessed using multivariate analysis including all clinical risk factors.

3.4. Relationship between dMRI measures and cumulative perinatal risk factor score {#s0145}
----------------------------------------------------------------------------------

Clinical data for all risk factors were available for 381 infants, allowing the calculation of the cumulative perinatal risk factor. Within this group, there were 149 infants with a score of 0, 183 with a score of 1, 45 with a score of 2, and 4 with a score of 3. No infant scored the maximum possible score of 4.Fig. 7Relationship between cumulative risk factor score and dMRI white matter measures. Mean FA skeleton (red) overlaid on mean FA map in the axial plane. Voxels showing a significant linear correlation (p \< 0.05) between cumulative perinatal risk factor score and a. FA and b. RD are shown in blue-light blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 7

A higher cumulative risk factor score was associated with lower FA values in the corpus callosum, left frontal white matter, left SLF, left cingulum, left ALIC, left PLIC and left external capsule, the bilateral fornix, optic radiation and the ILF/IFOF, the crus cerebri and cerebellar peduncles bilaterally ([Fig. 7](#f0035){ref-type="fig"}a and [Fig. s7](#f0075){ref-type="graphic"}). RD values were positively correlated with risk factor score in the corpus callosum and the left fornix ([Fig. 7](#f0035){ref-type="fig"}b). There were no significant correlations between AD and MD and the cumulative risk factor score.

3.5. Relationship between dMRI measures and neurodevelopmental performance {#s0150}
--------------------------------------------------------------------------

### 3.5.1. Cognitive performance {#s0155}

FA values throughout the white matter were positively correlated with composite cognitive scores from the BSITD-III. No significant association was seen between cognitive performance and AD, MD or RD ([Fig. 8](#f0040){ref-type="fig"}a).Fig. 8Correlation between neurodevelopmental assessment scores and FA values in the white matter. Mean FA skeleton (red) overlaid on mean FA map in the axial plane. Voxels showing a significant correlation (p \< 0.05) between FA and a. Cognitive Score, b. Motor Score and c. Language Score are shown in blue-light blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 8

### 3.5.2. Motor performance {#s0160}

FA values in the corpus callosum, the right ALIC, the right external capsule, the PLIC, fornix, optic radiation, ILF/IFOF, crus cerebri and the cerebellar peduncles bilaterally were positively correlated with the composite score for motor function ([Fig. 8](#f0040){ref-type="fig"}b). RD was negatively correlated with motor function scores in the corpus callosum, left fornix and small areas in the optic radiation bilaterally (not shown). Neither AD nor MD demonstrated a significant association with motor score.

### 3.5.3. Language {#s0165}

Language composite scores were positively correlated with FA in small regions in the body of the corpus callosum, the left fornix and the anterior aspect of right ILF/IFOF ([Fig. 8](#f0040){ref-type="fig"}c). No significant associations were seen in the other diffusion metrics.

4. Discussion {#s0170}
=============

In this study we assessed a large cohort of preterm infants and demonstrated that preterm white matter injury is associated with multiple perinatal risk factors including immaturity at birth, fetal growth restriction, duration of mechanical ventilation, the number of days requiring parenteral nutrition, surgery for necrotizing enterocolitis and male gender. It is possible that these risk factors represent a single latent variable or marker of infant health, and if so, we may expect that exposure to additional risk factors would not result in an increased risk of white matter injury. However, multivariate analysis demonstrated lower FA values in infants with fetal growth restriction, and infants who required prolonged mechanical ventilation or total parenteral nutrition when these factors were assessed simultaneously. Furthermore, lower FA and higher RD values were observed in those infants who were exposed to multiple risk factors, assessed by our cumulative risk score, after correcting for the effects of prematurity. These data suggest that, while individual risk factors are associated with altered dMRI characteristics in the white matter, exposure to cumulative risk factors is associated with an increased vulnerability for white matter injury. These findings are consistent with recent animal work demonstrating that preterm brain injury is related to more than one risk factor and is exacerbated by exposure to multiple factors ([@bb0005], [@bb0105], [@bb0350]). Our findings thus support the multiple hit hypothesis of preterm brain injury ([@bb0145], [@bb0350]).

TBSS is limited with regard to anatomical specificity, due to registration errors, use of statistical cut-offs to define significant regions which are affected by sample size and difficulties related to topological variability between adjacent and differently oriented fibres with similar FA values. We employed a tensor-based group-wise registration tool, with a study specific registration template, to produce a group specific template and skeleton which has been shown to limit these problems ([@bb0040]). The anatomical location of the differences described is therefore somewhat provisory, although this does not affect the overall conclusions of the study. A limitation of our study is that only linear associations were examined, and so important non-linear associations may exist and are not reported here. Furthermore, our cumulative risk score imposed equal weights for the clinical risk factors and we did not assess different weighting schemes. It is possible that the results may vary if a different weighting scheme is used. Nevertheless, our multivariate analysis shows that key risk factors, fetal growth restriction and requirement for prolonged mechanical ventilation or total parenteral nutrition, are independent risk factors for diffuse white matter injury in preterm infants.

FA values increase and MD, RD, and to a more limited extent, AD values decrease with maturation in the age-range studied here ([@bb0045], [@bb0265]). The relationship between tissue microstructure, diffusivity and anisotropic diffusion is complex. Experimentally, anisotropy is predominantly dependent on the packing of parallel axons, axonal thickness and myelination ([@bb0270], [@bb0315]). However the preterm brain at term equivalent age is largely unmyelinated ([@bb0380], [@bb0375]) and so diminished FA and increased diffusivity is likely to involve a combination of elevated brain water content, decreases in axon diameter, increased membrane permeability, and impaired oligodendrocyte proliferation and maturation, resulting in less coherent axonal organization ([@bb0375], [@bb0075]).

Axial diffusivity represents the estimated magnitude of diffusion parallel to the direction of fibres, and RD provides an estimate of the magnitude of diffusion perpendicular to the direction of fibres. We observed a stronger relationship between elevated RD and perinatal risk factors than those between AD and perinatal risk factors, consistent with previous findings ([@bb0030], [@bb0120]), suggesting that decreases in FA are largely driven by increased diffusivity perpendicular to axons. However, in the absence of histology, we are limited in the conclusions we can draw with respect to the underlying microstructure. The diffusion tensor can model only a single fibre population and the presence of multiple fibre populations within a single white matter voxel ([@bb0185]) confounds biophysical interpretations of diffusion tensor measures ([@bb0365]).

Diffuse white matter injury in the absence of major lesions is associated with degree of prematurity at birth ([@bb0030]) and is accompanied by impaired cortical folding ([@bb0010], [@bb0150]), altered cortical microstructure ([@bb0060]) and deep gray matter development ([@bb0050], [@bb0085]). In addition, male survivors of preterm birth have lower neurodevelopmental outcome scores and are at higher risk of cerebral palsy than preterm females ([@bb0180]). MRI studies have shown reduced gray matter to white matter ratio ([@bb0020]), decreased cortical thickness in adults ([@bb0220]) and lower FA in the splenium and the right PLIC ([@bb0260]) in males at term equivalent age. In this study, we identified higher AD, MD and RD in the corticospinal tracts, corpus callosum and association tracts compared to a very limited area of higher FA in the male infants. This elevated diffusivity suggests increased vulnerability to white matter injury in male infants.

Infection and inflammation are thought to increase susceptibility of the brain to injury ([@bb0130], [@bb0160], [@bb0385]) and is associated with diminished white matter FA values in preterm infants ([@bb0115]). However, obtaining reliable clinical data on sepsis is challenging. Small and often inadequate blood volumes are used for blood culture in neonates ([@bb0125]) and rates of false positives are high ([@bb0280]). C-reactive protein is also not specific for bacterial infection ([@bb0355]). We did not, therefore, investigate the relationship between blood cultures and white matter injury, which is a limitation of our study. We did, however, investigate whether chorioamnionitis was related to white matter injury at term equivalent age and, consistent with [@bb0110], we found that clinically defined chorioamnionitis was not associated with significant changes in dMRI measures. Not all clinical chorioamnionitis will have intra-amniotic bacteria ([@bb0250]) and over one third will not demonstrate histological changes ([@bb0305]). Subclinical histological chorioamnionitis also exists and may also infer an increased risk of morbidity ([@bb0330]). Although it is important to note that infants defined in this way do not demonstrate signs of impaired white matter development, further investigation with histologically defined chorioamnionitis is warranted. Indeed, in a recent study using a histological diagnosis of chorioamnionitis lower FA was observed throughout the white matter. It should be noted that over three-quarters of this cohort also displayed histological evidence of fetal inflammatory response syndrome ([@bb0025]).

In this study we identified evidence of diffuse white matter abnormality associated with fetal growth restriction. Imaging studies in term neonates with fetal growth restriction demonstrate altered brain structure with reduced cortical gray matter ([@bb0340]), and hippocampal volume ([@bb0210]), delayed cortical development ([@bb0150]) and reduced FA in the corpus callosum ([@bb0240]) when compared to appropriately grown infants. In a recent systematic review, fetal growth restriction was associated with a risk of poorer neurodevelopmental performance between 6 months and 3 years ([@bb0205]) and animal models of fetal growth restriction demonstrate delayed oligodendrocyte maturation and myelination ([@bb0335]). Fetal growth restriction can result in both a degree of hypoxia and poor nutritional delivery to affected fetuses, which may contribute to sensitizing brain tissue and increasing its susceptibility to brain injury ([@bb0350]).

A number of studies have shown that bronchopulmonary dysplasia following preterm birth is associated with worse neurodevelopmental outcome ([@bb0035], [@bb0290], [@bb0310]), and brain development in these infants is impaired ([@bb0090], [@bb0235]). We have previously shown that the number of days requiring mechanical ventilation is related to diffuse white matter injury independent of the effects of prematurity ([@bb0030], [@bb0045]). Here, we confirm those findings in a much larger sample.

The importance of early nutrition for brain growth, maturation and neurodevelopmental outcome is increasingly being appreciated. Nutritional interventions may reduce the pathogenic micro-organisms in the gut ([@bb0190]), adjust the immunological balance ([@bb0225]) and alter the gut-immune brain axis ([@bb0015]). Suboptimal early nutrition is associated with impaired cognitive performance ([@bb0215]) and interventions to provide both enteral and parenteral supplementation to exceed recommended macronutrient requirements are related to increased brain volumes ([@bb0320]). Our study demonstrates that longer duration of parenteral nutrition and, therefore, less enteral nutrition, is associated with diffuse white matter abnormality.

In our current study we observed reduced FA and elevated RD in infants with necrotizing enterocolitis who had undergone surgery, in the absence of major focal lesions on MRI. While this relationship did not persist in the multivariate analysis, only seven infants underwent surgery for necrotizing enterocolitis in this cohort. Infants with necrotizing enterocolitis have a high risk of focal brain injury and white matter atrophy on conventional MRI ([@bb0285]). Heterogeneity in study design, illness characteristics and follow up, along with small sample sizes has led to conflicting results when determining neurodevelopmental outcome following necrotizing enterocolitis. Meta-analysis, however, shows that necrotizing enterocolitis stage II or higher is associated with an increased risk of impairment in preterm infants, which is increased if surgical management is required ([@bb0275]).

We did not find an association between patent ductus arteriosus and white matter injury. Two recent studies have found patent ductus arteriosus treatment to be associated with worse neurodevelopmental outcome ([@bb0095], [@bb0175]). However, neither study corrected for respiratory morbidity despite the patent ductus arteriosus groups requiring greater respiratory support. It is therefore difficult to ascertain if haemodynamically significant patent ductus arteriosus is in itself associated with impaired neurodevelopmental outcome, or with general illness severity.

Lower FA and higher RD values at term equivalent age were associated with impaired neurodevelopmental performance in a sub-group of these infants, highlighting not only that the altered dMRI measures observed in this study are consistent with previous smaller studies in preterm infants ([@bb0140], [@bb0345]), but also that lower FA and higher diffusivity measures associated with perinatal clinical risk factors are clinically significant.

In summary, FA values were reduced and RD values were elevated in white matter in preterm infants at term equivalent age following exposure to a number of clinical risk factors. Several perinatal risk factors have an independent association with diffuse white matter injury and exposure to multiple risk factors appears to exacerbate white matter injury, supporting the multiple hit hypothesis for the variation in brain development observed following preterm birth. FA measurements may provide a biomarker for studies exploring mechanisms of white matter injury and may expedite the assessment of efficacy of early interventions in this high-risk group of infants.

The following are the supplementary data related to this article.Supplementary tablesImage 1Fig. s1(a) Partial regression plot showing the relationship between FA values and gestational age at birth in data extracted from the most significant voxel (*r* = 0.44) highlighted in the crosshairs in the axial (b) and coronal (c) plane. PMA at scan and gender were included as covariates in the model. Key: FA \| X = residuals of FA given the model; GA at birth \| X = residuals of gestational age at birth given the model.Fig. s1Fig. s2(a) Partial regression plot showing the relationship between FA values and number of days requiring mechanical ventilation in data extracted from the most significant voxel (*r* = 0.398) highlighted in the crosshairs in the axial (b) and coronal (c) plane. GA at birth, PMA at scan and gender were included as covariates in the model. Key: FA \| X = residuals of FA given the model; Number of days on mechanical ventilation \| X = residuals of number of days on mechanical ventilation given the model.Fig. s2Fig. s3(a) Partial regression plot showing the relationship between FA values and number of days requiring parenteral nutrition in data extracted from the most significant voxel (*r* = 0.748) highlighted in the crosshairs in the axial (b) and coronal (c) plane. GA at birth, PMA at scan and gender were included as covariates in the model. Key: FA \| X = residuals of FA given the model; Number of days on total parenteral nutrition \| X = residuals of days on total parenteral nutrition given the model.Fig. s3Fig. s4Results of multivariate analysis demonstrating lower FA values in the white matter in infants with fetal growth restriction (necrotizing enterocolitis requiring surgery, days requiring invasive ventilatory support, days requiring parenteral nutrition, GA at birth, PMA at scan and gender were included as covariates in the model). Mean FA skeleton (red) overlaid on mean FA map in axial plane. Voxels showing significant lower (p \< 0.05) FA values in the white matter in infants with fetal growth restriction are shown in blue-light blue.Fig. s4Fig. s5Results of multivariate analysis demonstrating a significant correlation between days requiring invasive ventilation and FA values in white matter (fetal growth restriction, necrotizing enterocolitis requiring surgery, days requiring parenteral nutrition, GA at birth, PMA at scan and gender were included as covariates in the model). Mean FA skeleton (red) overlaid on mean FA map in axial plane. Voxels showing a significant correlation (p \< 0.05) between days of ventilation and FA are shown in blue-light blue.Fig. s5Fig. s6Results of multivariate analysis demonstrating a significant correlation between days requiring parenteral nutrition and dMRI measures in white matter (fetal growth restriction, necrotizing enterocolitis requiring surgery, days requiring invasive ventilatory support, GA at birth, PMA at scan and gender were included as covariates in the model). Mean FA skeleton (red) overlaid on mean FA map in the axial plane. Voxels showing a significant correlation (p \< 0.05) between FA and days of parenteral nutrition with are shown in blue-light blue.Fig. s6Fig. s7(a) Partial regression plot showing the relationship between FA values and cumulative risk score in data extracted from the most significant voxel (*r* = 0.558) highlighted in the crosshairs in the axial (b) and coronal (c) plane. GA at birth, PMA at scan and gender were included as covariates in the model. Key: FA \| X = residuals of FA given the model; Cumulative risk score \| X = residuals of cumulative risk score given the model.Fig. s7
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